I. Introduction
IND energy is an alternative technology that provides clean power and unique research challenges. Each year more wind turbines are installed and connected to the utility grid. Wind turbines are not only becoming more prevalent, but are also becoming much larger. The economy of scale that is associated with wind energy is pushing manufacturers to produce larger turbines every year. Advancements in wind turbine technology have allowed the machines to grow to sizes exceeding 10 MW. Despite these advancements, there are still significant challenges facing the wind energy industry that must be overcome. One of the primary areas of research in wind technology is the preservation of the turbine's gearbox and drivetrain components. In order to extend the useful lifetime of today's large scale wind turbine systems, new technologies must be developed and implemented to reduce the large torque variations in the drivetrain components. This study focused on controlling a wind turbine in Region 3 using two different full-state feedback linear quadratic regulator controllers. The first controller was a single-input controller that could adjust blade pitch. The second controller was a multi-input controller that adjusts blade pitch and the gear ratio of a magnetic continuously variable transmission that was added to the high speed shaft. The control goals were to minimize drivetrain torque variations while maintaining generator speed regulation without increasing in RMS blade pitch rate when compared to industry standard proportional-integral control with a measurement filter. If the torque variations through the drivetrain are reduced and component lifetimes are extended, wind energy will be more cost competitive with other energy sources. 3 Wind turbine operation is broken into multiple control regions. This paper will focus on control of wind turbines in Region 3, when the wind turbine is experiencing above-rated wind speeds. Producing energy from wind in Region 3 involves converting a stochastically turbulent wind source into regulated electrical power via the wind turbine. Producing constant power from this varying source is the primary goal of large-scale wind turbine industry-standard control systems. 1 In Region 3, an industry standard control system typically measures the generator shaft speed and controls the blade pitch angle to regulate the aerodynamic power. 1 This current control methodology is reactive because the control system pitches the blades in response to winds that have previously blown past the wind turbine.
The aerodynamic power available from a steadily blowing wind stream is a function of the wind speed cubed and the rotor radius squared. 2 When the turbine experiences Region 3 wind regimes, wind speed fluctuations provide large variations in the torque applied to the wind turbine drive train. The torque variations due to higher frequency fluctuations in the wind speed cannot be mitigated by the reactive industry-standard controllers.
As turbines increase in size, they become more expensive. The increasing cost of components provides amplified motivation to protect them. These components endure larger torques and stresses due to variations and turbulence in the wind speed as the blades and drivetrain translate energy to the generator. The wind turbine gearboxes experience the most failures of all the wind turbine components. 3 As wind turbines have become larger, the significance of gearbox failures has become more prominent. Conventional large scale wind turbines need gearboxes to convert low speed rotation of the rotor shaft to high speed rotation of the generator shaft. These gearboxes ride on bearings to reduce friction as they rotate. The gearboxes have become heavier and more expensive as they are manufactured to handle more mechanical power. As the wind turbine blades experience wind gusts and turbulence, high power torque variations can be delivered to the drivetrain. The increased stress on the gearboxes as they transfer the torque along the drivetrain can cause the bearings to fail, which could destroy the gearbox. The bearings are the most common point of failure in wind turbine gearboxes. Rapid torque variations are a measure of fatigue in gearbox bearings. 3 The wind energy industry has suffered high gearbox failure rates ever since the technology was developed. Gearboxes are one of the most expensive components in a wind turbine. Wind turbine manufacturers often include significant overhead costs to cover the gearbox warranties due to their high failure rate. These overhead costs have increased the price of the wind turbines, therefore increasing the cost of the energy produced by wind turbines.. Gearbox failures have been the leading cause of turbine downtime. The National Renewable Energy Laboratory has formed a Gearbox Reliability Collaborative to assess this problem. 3 The research presented in this paper is a preliminary investigation of a new application for magnetic continuously variable transmissions in a wind turbine experiencing above-rated wind speeds. The research focused on the modeling of the wind turbine with a CVT and designing of control systems for Region 3 control. First, a single-input control system was developed to adjust blade pitch for Region 3 control of a turbine that did not have a CVT. Second, a multi-input control system is developed to actuate the blade pitch angle and the CVT gear ratio to regulate the output power and reduce the torque variations through the drivetrain during Region 3 operation. The mitigation of the torque variations could reduce the fatigue on the turbine components from turbulence and variations in the wind speed in above rated wind conditions and could thereby extend component lifetimes. By reducing maintenance costs, wind energy systems will be more competitive with other energy sources.
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II. Model Development
A wind turbine model was developed from principal equations of motion. The purpose of developing the model was to test the control systems described later in this document. A linearized model of a large scale (5MW) horizontal axis wind turbine in Region 3 is derived, further referred to as the DLIN model. Many of the parameters for this derived model come from a 5MW non-linear wind turbine model developed by the National Renewable Energy Laboratory (NREL) in their modeling software called Fatigue Aerodynamics Structures and Turbulence (FAST). The FAST archives and user's guide are available on the FAST website. 4 Non-linear equations representing a magnetic continuously variable transmission (CVT) were derived and substituted into the DLIN model. This new model will be referred to as the derived non-linear model with a CVT, or DCVT model. This will allow the testing of a multi-input controller that is described later in this paper. An overview of the models and controllers described in this document can be seen in figure 1.
The FAST software has the ability to linearize the wind turbine model and output the linearized model in statespace form. The reason why this feature was not utilized directly to produce the DLIN model is twofold. First, a better understanding of a wind turbine was achieved by deriving the model. Also, the DLIN model is derived on principle equations of motion which is beneficial when attempting to implement equations representing a magnetic CVT into the turbine drivetrain.
A. Model Derivation
The DLIN model was derived by approximating a large scale horizontal axis wind turbine with rotational inertias, torsion springs, dampers and drag forces. This model simplifies many of the higher order complexities of a real wind turbine. The DLIN model assumes a uniform wind speed across the entire rotor plane. The blades are modeled as a single mass, spring, damper and drag force which implies that all of the blades flex the same amount. The blades are also only capable of collective pitch and the higher order blade bending and drivetrain twisting dynamics are not included. The DLIN model can be seen in figure 2. The DLIN wind turbine model was largely based on NREL's FAST 5MW wind turbine model operating in Region 3 at 18 m/s wind and rated generator speed. The DLIN model is based on this operating point because 18 m/s is roughly in the middle of Region 3 for this wind turbine. The FAST software can output a linearized wind turbine model in state-space form. The FAST linearized model was not used because it was desired to have a model based on equations of motion. Deriving this DLIN model allowed for the incorporation of a magnetic CVT into the model, as seen later in this paper.
The modeling procedure for the DLIN model was based on previous methods
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. The blade inertia, J b is set to a value that is only 1/3 of the total rotational inertia of the blades. This is done so that only a fraction of the inertia of the blade must accelerate before the blade bends rather than the inertia of the entire blade. The other 2/3 of the blade's actual inertia is added with the rotor inertia and set to J r . All parameters and operating points can be found in Appendix A. Equations 1-5 represent the DLIN model.
For the derived models in this research the torque due to the wind is linearized with respect to rotor speed, wind speed and blade pitch angle. Subscript '0' implies the parameter value at the operating point.
Note that the subscript 'gb' denotes the gearbox side of the low speed shaft. The gear ratio (N) is defined as the ratio of the rotational velocity of the low speed shaft (LSS) to that of the high speed shaft (HSS), which also relates the torque of the LSS to the torque of the HSS as seen in equation 4.
The equation of the generator acceleration is defined in equation 5 where T L is a constant back torque applied to the generator shaft, as is common in Region 3 control.
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Note that if the gear ratio is fixed, the gear ratio N is also the ratio of the accelerations of the LSS and HSS. Equation 5 can be written in terms of the LSS side of the gearbox of the as seen in equation 6 .
=̇̇=̇̇, = . 
Equations 1-6 were realized in Simulink TM and MATLAB TM software so that the model could be simulated.
B. Model Validation
The DLIN model was validated by comparing the step response and frequency response to that of the FAST nonlinear wind turbine simulation software. The frequency response of the FAST non-linear model was obtained by perturbing it with varying frequency sinusoidal winds with DC value of 18 m/s and amplitude of 0.5 m/s. A linear model with two blade flap bending moments was produced through the FAST linearization. The frequency responses of the FAST non-linear and linear models were then compared to that of the DLIN model. The DLIN model did not have the same sharp drop in the frequency response before the resonance peaks that the FAST models exhibited. Also, the DLIN model had only one resonance peak and dropped off faster at higher frequencies compared with the FAST models. Regardless of these differences, the DLIN model was determined to be a representative approximation of a class of large-scale wind turbines. The open loop bode plot from wind speed input to generator speed output is shown in figure 3 .
C. Adding a Magnetic Continuously Variable Transmission to the Model
There are many types of continuously variable transmissions (CVTs) in the market. Most of these CVTs are mechanical in nature but magnetic CVTs have recently been developed by Magnomatics Ltd., a company based out of Sheffield, UK. According to Magnomatics, their "revolutionary contactless, lubricant-free magnetic gear systems and ultra high torque electrical machines offer dramatic new engineering possibilities for a range of industries from aerospace to automotive to renewable energy..." 5 Magnomatics magnetic CVT's work by coupling the high-speed and low-speed shaft with a magnetic field. This magnetic field is altered by rotating a membrane with pole pieces between the magnets of the high-speed and lowspeed shafts. The rotational speed of the membrane determines the gear ratio. Though Magnomatics Ltd. does not currently produce a CVT on the megawatt scale, conversations with Magnomatics indicate that their CVTs have the capability to be scaled up. They also claim that their CVTs are efficient and can actuate very fast with a virtually negligible time constant. The magnetic coupling of the CVT introduces springiness into the drivetrain. The magnetic CVT model used in this study was considerably simplified to protect the intellectual property of Magnomatics Ltd. and to perform this initial investigation of utilizing the magnetic CVTs. The magnetic CVTs have inherent torque overload protection. If too much torque is applied to the magnetic CVT, it will slip to the next magnetic pole rather than breaking. This feature was not included in the DCVT model and was not analyzed during the course of this study.
Studies have shown that installing a mechanical CVT in the drivetrain of the wind turbine could allow for greater energy capture when operating in below-rated, or Region 2, wind speeds while also potentially eliminating the need for power electronics. The adjustable gear ratio allows for a synchronous generator to run at a relatively constant speed, which produces constant power. 7, 8, 9 This paper focused on the use of a postulated magnetic CVT to regulate power and mitigate torque variations in the drive train when actuated with an advanced control system during Region 3 operation.
The wind turbine models used in this study were designed around a fixed gear ratio of 1/97. This allows for the blades to have the designed aerodynamics while the generator is running at rated speed. The CVT in this model assumed to have a gear ratio of 0.3-3, which is within the range of current magnetic CVTs 6 . The CVT was added in series with the conventional gearbox as seen in figure 4 . This was done so the blades and generator to operate at the designed speed ratio.
An approximation of a magnetic CVT was added to the DLIN model, creating a new non-linear model referred to as DCVT. The DCVT model was developed to analyze the potential benefits of implementing such a device in a wind turbine. In the DLIN model the combined gear ratio of the conventional gearbox and CVT is referred to as N so that notation is consistent. The gear ratio N is now an input to the model. The CVT actuator is modeled as a first order low pass filter with a rate limiter and saturation limits.
Including the magnetic CVT into the model adds additional springiness to the HSS due to the magnetic coupling of the shafts. The spring constant of the magnetic CVT varies as a function of load torque. Since the load torque is assumed to be constant in this research, the spring constant is also assumed to be constant. This spring (K CVT ) was simplified by assuming that the spring is located entirely between the conventional gearbox and the CVT. This allows the spring to be reflected through the conventional gearbox to the LSS multiplying the spring constant by 1 2 . A higher fidelity model of a CVT would include a spring on both sides of the CVT. The value of K CVT was unknown, so the CVT was assumed to have the equivalent spring constant of the turbine drive train. The CVT spring was then combined in series with the spring of the rotor shaft. When the CVT was included in the model, the resulting equivalent drivetrain spring constant (K eq ) is equal to the rotor shaft spring constant (K r ) divided in half. The K r for the DCVT is therefore defined as the K r of the DLIN model divided by 2, as seen in equation 7.
When a CVT is incorporated, the acceleration of the generator is decoupled from the acceleration of the gearbox since the gear ratio N is no longer a constant, as seen in equation 8.
Equation 8 is used in deriving the expression for the gearbox acceleration. 
Equation 9 was added to the Simulink model of the DLIN system. A switch variable was set before simulation to determine whether the DLIN or DCVT model would be used. When the switch was set to enable the DCVT model, the spring constant of the CVT was added to the rotor shaft spring constant, still denoted as . Switching to the DCVT model also allowed the rate of change of the CVT gear ratio to change ̇ rather than holding it at zero for the DLIN model.
III. Control System Development
There are three different control designs referenced in this paper. The first is a classical gain scheduled proportional-integral control system with a measurement filter (PI MF) designed by NREL engineers for the FAST 5MW model, referred to as the 'PI MF' controller. 11 This controller is representative of many controllers used in industry and was simulated on the FAST and DLIN models as a baseline to compare the developed controllers. The second controller was a single-input linear quadratic regulator (SI LQR) control system with blade pitch as the control input. The SI LQR controller was tested on the DLIN and FAST models. The multi-input linear quadratic regulator (MI LQR) controller had two inputs, blade pitch angle and CVT gear ratio. This controller could only be tested on the DCVT model, as only this model had a CVT input. The design goals of the LQR control systems were to regulate the generator speed and reduce root mean square (RMS) torque variations in the gearbox and generator without significantly increasing RMS blade pitch rates compared to those of the PI MF controller.
The blade pitch command signal for all controllers was passed through a blade pitch actuator model. The blade pitch actuator includes a low pass input filter, a rate limiter and a saturation limit. The input filter was a normalized first order transfer function with a time constant =0.4 seconds. The rate limiter was set to of 8/sec and the saturation limits were set to 0˚ and 90˚.
The baseline PI MF controller actuates the blades based on the filtered generator speed measurement. The measurement filter is a first order low pass filter with a cutoff frequency of 0.25 Hz to ensure the pitch rates do not excite the natural modes of the blades, which are roughly 2 Hz. The PI MF controller is gain scheduled with respect to blade pitch angle to account for the non-linearity of the aerodynamic torque due to blade pitch angle. The NREL technical report documenting the 5MW model describes derivation of this control system for speed regulation with a desired natural frequency response and damping ratio of the generator shaft speed with the controller implemented in the loop Detailed description of the gain scheduled PI controller with a measurement filter can be found in the 5MW Reference Manual.
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Linear quadratic regulator control, or optimal control, is a feedback control methodology that has many advantages over PI control. The LQR controller's advantages come from utilizing full-state feedback and having information about the plant embedded into the calculation of the control gains. The fact that there are gains applied to all of the states' error signals produces a higher-order controller with more poles and zeros than a PI controller. LQR control also allows for easier design of multi-input multi-output (MIMO) control systems. The LQR design methodology is based on adding penalties, or weights to be applied to the regulation of each state's error signals.
A set of feedback gains are calculated by solving out the LQR continuous time Riccati equation. This equation requires the model to be expressed in a linearized state-space system of the form:
The goal of the LQR control system is to regulate the states of the system to achieve a minimum quadratic performance index. The time invariant and infinite-time, or infinite-horizon, LQR has a quadratic performance index is in the form of:
Here t 0 is the start time, Q and R are symmetric positive semi-definite weighting matrices, meaning that all the eigenvalues of this matrix are greater than or equal to zero. Therefore ( ) ( ) and ( ) ( ) will both always be positive and it is possible to minimize the performance index J. For more information on LQR control, you may reference a modern control textbook. Note that bold characters are matrices or vectors. Also note that the deltas were not shown in equation 11 for ease of reading.
To ensure that Q is positive semi-definite the diagonal terms are set as the penalty for the associated state and the off diagonal terms are set to zero. Development of specific Q matrices was done so that the closed loop system had the desired eigenvalues. This process was done iteratively during the process of simulation to analyze the effect of the state penalties on the performance metrics.
Utilization of full state feedback control assumes that all states must be available; else an observer must be used. Tachometers and strain gauges could be used to more accurately measure these states. This research assumes ideal state feedback and no observer was used.
A. Single-Input Linear Quadratic Regulator (SI LQR) Development
To calculate the LQR control gains for the DLIN model, the model must be linearized about the operating point. It is common to have the generator torque controller exerting a constant back-torque on the HSS when operating in Region 3. 1 This study assumes that the generator torque control in Region 3 is ideal, providing a constant backtorque on the HSS. The constant generator back-torque in equation 6 was linearized by replacing it with a drag force proportional to the rotational velocity of the HSS. This allows the back torque to be implemented in state space representation. The developed control systems were designed to regulate the speed of the generator, so the linearized value of the generator back-torque will also be regulated. Regulating generator speed also regulates the power production as is the goal in Region 3. The equation for this transformation can be seen in equation 12.
Substituting equation 12 and 4 into equation 6 produces the linear equation:
One way to drive the steady state error of a state variable to zero is to apply a feedback gain to the integration of the state's error. This characteristic was desired from the LQR controller, so an additional state was included. The rotational velocity of the gearbox, ̇, is the measured and regulated state. Regulating the gearbox speed also regulates the generator speed for the DLIN model since it has a fixed gear ratio. The gearbox speed error is integrated and included as a state, denoted . Note that this state is the not equal to the instantaneous angular position of the LSS side of the gearbox. This can be seen in figure 4 .
The LQR controller allows for penalties to be applied to states and inputs. A straightforward approach may have the input as commanded blade pitch angle (β u ). The penalty R would then allow a penalty to be put on the deviation of the commanded blade pitch angle from the linearization value, which is undesirable since we want the blade pitch angle to track the wind speed. An integrator was added at the input of the blade pitch actuator which turns the input command signal of the blade pitch actuator (β u ) from an input to a state. The new input from the control system is now the rate of change of the blade pitch command (̇). An input penalty R can now be applied to the commanded blade pitch rate (̇). When feedback gains are applied, the input integrator becomes a low pass filter which helps to reduce high frequency variations in pitch command. This integrator can be seen in figure 5.
The state space representation for the DLIN model used in the development of the SI LQR controller can be seen in equations 14 -16. The values used for all variables can be found in Appendix A. 
The A and B matrices were analyzed and the linear system is controllable. This means that LQR feedback gains can be calculated once the Q and R penalties are chosen. The Q matrix is a diagonal matrix that contains the penalties associated with each state.
The goal of the control system is to reduce RMS generator torque variations and regulate the generator speed. The control system must pitch the blades to shed aerodynamic torque due to the wind. No penalty was put on the deviations of the blade pitch angle or blade pitch actuator input from the nominal blade pitch angle. The penalties q 7,7 and q 8, 8 were left at zero to allow the blades to track the wind. The controller was then tuned to meet the primary goal of reducing torque regulations and secondary goal of speed regulation. The constraint requirement was to keep the RMS blade pitch rates similar to that of the PI controller.
A tradeoff existed between blade pitch rates, speed regulation and torque deviation regulation. For example, to some extent increasing the penalties on the blade and LSS flex proved to reduce torque variations at the gearbox and generator at the expense of degrading speed regulation and increasing blade pitch rates. The LQR controller can be tuned in many ways with different criteria. One set of penalties can be seen in table 1. The closed loop eigenvalues of (A 1 -B 1 *K 1 ) were also calculated and included in the table. The measurement filter of the PI MF controller was not used with the SI LQR controller. The integrator at the control input creates a low pass filter when the state is fed back. This feedback gain is dependent on the penalties of the controller, as is the input filter. For the set of penalties in table 1 the normalized low pass filter has a cutoff frequency at approximately 0.31 Hz.
The Bode and nyquist plots for the PI MF controller with the DLIN model were analyzed to find the gain and phase margin, which are measures of the robustness of a controller to variations in the model. The PI MF controller had a gain margin of 7.46 and a phase margin is 33.5°. The SI LQR controller had a gain margin of 17.8 dB and a phase margin of 79.2°. The SI LQR controller has substantial gain margin and significantly more phase margin than the PI MF controller.
B. Multi-Input Linear Quadratic Regulator (MI LQR) Development
The MI LQR control system was developed to actuate the blade pitch angle and the gear ratio in the DCVT model. To calculate the LQR gains the system must be linearized in state-space form. The equations for gearbox and generator accelerations are linearized, as seen in equation 17 and 18 by first using the relation of equation 12 and then linearizing with respect to each variable. The linearized equations can be seen below in equations 17-18.
Regulating the gearbox LSS velocity will not regulate the generator speed in the DCVT model. An additional state must be inserted into the state vector so that a penalty may be placed on the deviation of the generator speed from the desired, or rated speed. Therefore, the linearized expression for the generator acceleration must be developed, as seen in equation 18. This equation is implemented in the state-space equation so that the error of the generator speed is in the state vector.
An integrator was added before of the input to the CVT actuator which turns the input command signal of the CVT actuator from an input to a state in a similar manner to the integrator before the blade pitch actuator. The new input is now the rate of change of the CVT command signal, allowing a penalty to be put on the CVT slew rate. The integrator makes a low pass filter at the control input when the integrated input is fed back and multiplied by the LQR gain for that state.
The CVT actuator was modeled as a first order low pass filter with unity gain and a time constant τ n . Claims have been made that the time constant of the CVT is negligible. However, to provide a conservative estimate, the time constant for the CVT is assumed to be half that of the blade pitch actuator (τ n = 0.2 s). A saturation limit was included to keep the CVT within the postulated range of 0.3 to 3. Since the CVT gear ratio and conventional gearbox gear ratio are multiplied together as the total gear ratio N, the saturation limits of the actuator are actually 0.3*N 0 to 3*N 0 . A rate limiter is applied to the CVT. This rate limiter puts the maximum rate of change to be the entire range of the CVT divided by three seconds. The absolute value of the rate limiter is then set to (3-0.3)*N 0 /3 or 0.0093 s -1 . The MI LQR controller can be seen in figure 6 .
When a two input LQR controller is developed there are two sets of control gains that are produced in a 2 by n matrix, where n is the number of states. The first row of gains are applied to the deviations of the states from their set-points and fed into the first system input, the blade pitch rate input. The second row of gains is similarly applied to the second system input, or the CVT slew rate input. These gains can be seen as K 1 and K 2 in figure 6 . The linearized DCVT model was then implemented in state space, as seen in equations 19 and 22. The state vectors include both the gearbox and generator velocities. 
Note that equation 17 is not directly implementable in this state-space representation because ̇ is not one of the states in of equation 19. However, ̇ can be re-constructed from states and from the relation of the low pass filter of the actuator.
Substituting equation 20 into the last term of equation 17:
The resulting state space representation of the linearized model with the CVT can be seen below in equation 22. 
It was desired to have a state for the integrated generator speed error as a state, just as the integrated gearbox shaft speed error was a state for the SI LQR controller. This feature provides zero steady state error for the generator speed. It was also desired to add a state to the linearized matrix for the integration of the deviation of the gear ratio from the nominal gear ratio, or gear ratio error. This would provide zero steady state tracking error on the gear ratio, which would drive the gear ratio back to the nominal gear ratio over time with the integration rather than just a proportional gain. This was desired so that the blades and the generator would be spinning at the appropriate ratio. The A 2 matrix linearizes the torque due to the wind. It would be undesirable to have the control system speed up or slow down the blades too much, since the aerodynamic torque would not be accurately represented by the linearized equations as the rotor speed has significant variation from the rated speed. If either of these integrated error states are included then the linearized (A 2 , B 2 ) is uncontrollable. A controllable system matrix is required for the LQR algorithm, else the problem is ill posed and there may be no solution to the Riccati equation. These desired features of the MI LQR could therefore not be included.
The multi-input LQR controller was tuned to the DCVT model to achieve desired performance and eigenvalues. The penalties are applied to the states in a Q matrix composed of penalties q i,i for state x i . Larger penalties must be applied to of the states that have small deviations from the operating point for the state to affect the control signal. The penalties, associated states, description of states and resulting eigenvlaues for the MI LQR controller can be seen in table 2. The augmentation of additional states by adding integrators in front of the blade pitch and CVT actuators allowed penalties to be placed on the rate of change of the blade pitch and CVT command signals which created tunable low pass filters when feedback gains were applied. The cutoff frequency of the blade pitch rate command filter was .18 Hz, less than the measurement filter used with the PI controller. The cutoff frequency of the CVT slew rate command filter was 2.8Hz. This allowed the CVT to slew faster than the blade pitch to mitigate the torque variations and they propagated along the drivetrain. The natural frequencies of the blade and LSS are within this bandwidth. This means that the accuracy of the linearized state-space representation is important. If the system is not sufficiently represented in the state-space form, the controller could cause excitation of these natural modes.
IV. Simulations and Results
The control system designs described in the previous section were validated through simulation experiments. The simulation studies were done to develop a full understanding of the fundamental tradeoffs involved in control system design and to observe system performance. The experiments and results are described in this section.
The wind is a stochastic process with non-stationary statistics. It has been studied extensively by many other researchers. A full field turbulent wind inflow generation software called TurbSim was developed by NREL to create full field wind input files compatible with the FAST software. This program was used to generate wind files to test and compare the control systems in this report.
Simulation of the control systems consisted of:
• Simulation of the PI MF controller on the DLIN and FAST models.
• Simulation of the single-input LQR controller on the DLIN and FAST models.
• Simulation of the multi-input LQR controller on the DCVT model
The simulations described in this chapter were run for 600 seconds with a .01 second sample time. The blades and rotor shaft's initial conditions are in their relaxed state at the start of the FAST simulations. The sudden introduction of Region 3 winds cause significant transients as the blades and shafts flex. All measurement statistics were calculated for time greater than 50 seconds to exclude the effect of these transients.
The performance of the control systems were analyzed by reviewing statistics for each file in tabular and graphical form. These measurements were used for tuning the LQR controllers and comparing their performance. The measurement statistics and descriptions can be seen in table 3.
Table 3-Measurement statistics and descriptions
Statistic Description
Max �� (Pitch Rate) Max pitch rate is analyzed to compare to the absolute limit of 8°/s RMS ̇ (Pitch Rate) The RMS blade pitch rate is analyzed to understand how fast the blade is pitching throughout the simulation.
The standard deviation of the blade flex is analyzed as a measure of fatigue on the blade. The blade flex causes the majority of all torque variations in the gearbox and generator.
The standard deviation of the LSS flex is analyzed as a measure of fatigue on the LSS. The LSS flexes as torque is transferred along the drivetrain.
RMS ̈, ̈ (Agb, Agen, or Gearbox and Gen. Accel.)
The RMS gearbox and generator acceleration are analyzed as a measure of how fast the component is changing speeds from torque variations. The accelerations are proportional to the torque variations. With a fixed gear ratio, these quantities are equal.
RMS ⃛ , ⃛ (Jgb, Jgen or Gearbox and Gen. Jerk)
The RMS gearbox and generator jerk is analyzed as a measure of how fast the gearbox is accelerating or decelerating. The jerks are proportional to the rate of change of torque variations. With a fixed gear ratio, these quantities are equal.
RMS ∆̇ (ΔWgen or Gen. Spd Error)
The RMS generator speed error is analyzed as a measure of how well the control system is regulating the turbine speed and power.
Max |∆̇| (|ΔWgen| or Gen. Spd Error)
The maximum generator speed is analyzed as a measure of the worst regulation time for the controller.
Max ̈ (Agen or Gen. Accel.)
The maximum generator acceleration is analyzed because these accelerations are due to torque variations.
A. Wind Input Files
A software package from NREL called TurbSim was used to generate wind input files that were used in simulations. "TurbSim is a stochastic, full-field, turbulent-wind simulator. It uses a statistical model (as opposed to a physics-based model) to numerically simulate time series of three-component wind-speed vectors at points in a twodimensional vertical rectangular grid that is fixed in space." 12 TurbSim generates full field wind files with wind speeds that vary across the rotor plane. The TurbSim wind files are compatible with the FAST model. The FAST model was then run in Simulink to output the hub height wind speed as a MATLAB .mat file. The wind file was used as the wind speed input for simulations of the DLIN and DCVT models. This interconnection can be seen in figure 1 . Wind files were generated based on the IEC von Karman wind spectral models. Table 4 contains important TurbSim wind file characteristics. Most parameters not found on the table, such as vertical power law shear exponent and mean friction velocity were left at 'Default' in the TurbSim input files. Refer to the TurbSim User's Guide for more information on the input parameters and how the software works. The SI LQR statistics are compared visually by normalizing the SI LQR statistics to those of the PI MF for each of the respective wind files. This provides an easy comparison of percent change in output statistics as seen in figure 7 .
It can be seen in figure 7 that the SI LQR controller proved to reduce blade flex, LSS flex, generator and gearbox accelerations and generator speed errors for all wind files with only slight increases in blade pitch rates compared to the PI MF controller. Note that the generator and gearbox accelerations are directly proportional, so both are not shown on this plot. It is difficult to reduce the jerks on the gearbox torque variations even when using an advanced controller that utilizes full state feedback control and perfect knowledge of the model. This is due to the controller pitching the blades to reduce the aerodynamic torque after the wind torque has already bent the blades and put energy into the turbine.
A plot of the normalized generator speed, wind speed and blade pitch angle for the PI MF and SI LQR controllers for a window of time during simulation with the ETM wind file can be seen in figure 8 . This figure shows the SI LQR controller reacting earlier than the PI MF controller to keep the generator speed better regulated. The SI LQR controller was then simulated on the FAST non-linear wind turbine model with a turbulent full field wind file. FAST has gone through several revisions, so it is important to note that FAST version 7.00 was used for the simulations. During these simulations the tower, drivetrain, yaw, generator and both blade degrees of freedom were unlocked in FAST. The wind file that the FAST model encountered was a turbulent full field wind file, unlike the DLIN model that was excited by a uniform wind field. The simulation statistics for the PI MF and SI LQR controllers on the fast model can be seen in table 6. Max ̇ (rad/s)
C. Single-Input Linear Quadratic Regulator (SI LQR) Performance on FAST Model
9.76E+00 8.44E+00 1.14E+01 9.09E+00 9.48E+00 8.45E+00 2.03E+01 1.92E+01
The normalized output statistics were then normalized and plotted in the same manner as was done for the DLIN model. This plot can be seen in figure 9 . It can be seen in figure 9 that the simulations on the FAST model produced similar normalized results as the simulations performed on the DLIN model as seen in figure 7 . Primary differences between simulations on the FAST and DLIN models were that the controller had significantly lower pitch rates on the FAST model compared with the DLIN model. Also, the RMS generator speed error for the ETM wind file was higher than when simulated with the DLIN model, but this speed error was still less than that of the PI MF controller on the FAST model.
The FAST model has the ability to output states that are not available in the derived models. The data from these states can be analyzed by software provided by NREL to determine the damage equivalent loads, or DELs for the blades and the tower. The DELs from these simulations can be seen in table 7. In this table 'BR BM' is the blade root bending moment of the three blades averaged together, 'BS BM' is the blade span bending moment at 50% span of all 3 blades averaged together, 'Twr FA BM' is the tower fore-aft bending moment and 'Twr SS BM' is the tower side-to-side bending moment. A normalized bar plot was produced to easily compare the DELs of the simulations with the SI LQR to those with the PI MF controller. All DELs for the SI LQR controllers were normalized to that of the PI MF controller for each respective wind file. This bar plot can be seen in figure 10 . All of the measured DELs for the blades and tower were reduced when compared to the respective PI MF controller DELs. The SI LQR controller relatively reduced the DELs the most when the ETM wind file was used. The MI LQR controller was then simulated on the DCVT model. To condense the results, the statistics for the 3 NTM wind files were averaged. Results are compared to the SI LQR and PI MF controller for the NTM and ETM wind inputs, as seen in table 8. Note that with a fixed gear ratio the accelerations and jerks of the gearbox and generator are no longer proportional to each other. 
D. Multi-Input Linear Quadratic Regulator (MI LQR) Performance
A bar plot is used to visually depict each of the normalized statistics of table 8, as seen in figure 11 . The plot was normalized to the statistics of the PI MF controller with for each of the respective wind files.
It can be seen in figure 11 that the simulations of the MI LQR controller show reductions in blade pitch rates, significant increases in LSS flex, significant reductions in gearbox jerk and extreme reduction in the generator accelerations, jerks and speed errors compared to both the SI LQR and PI MF controllers. The blades can pitch less since the CVT is doing some of the work regulating the generator speed. The increase in LSS flex was expected because the spring of the CVT was reflected through the conventional gearbox and added to the LSS spring. The LSS was then a 'looser' spring that will flex more. Also, the CVT can only shift the load and does not eliminate the torque variations. Therefore, if the CVT is shifting in one direction as a torque ripple is propagating along the drivetrain, the LSS may flex more as a result of the CVT attempting to regulate the generator shaft speed. The significant reduction of the generator acceleration, jerk and speed error can be attributed to the fact that the CVT is simplified by directly connecting it to the generator with a solid, unbending shaft. This allows the CVT to directly control the torque variations that reach the generator, so long as they are within the controller's bandwidth because the MI LQR controller senses when a change in torque is about to propagate along the drivetrain since the blade flex is a state that is measured and fed into the controller. The MI LQR controller can then shift the CVT to intercept the torque ripple before it reaches the generator.
The magnetic CVT actuation is sufficiently fast, allowing the CVT to mitigate many of the torque variations before reaching the generator. This is due to the input 'measurement filter' with a bandwidth of 2.8 Hz. It can be seen that the state-space A 2 matrix was an accurate enough representation of the DCVT model, as the controller worked effectively to mitigate RMS accelerations and jerks, on generator end. If the wind turbine is not modeled accurately enough the controller may do more harm than benefit. Since the CVT has a high actuation bandwidth, it has the potential to excite the natural modes of the blades and the drivetrain, as they are within this bandwidth. This could cause more damage than benefit when the system is not accurately modeled.
There are no standards to compare the statistics of the gear ratio or the CVT slew rate. It is useful to view a plot of the gear ratio variations over time to gain understanding of how the CVT is working. This plot can be seen in figure  12 . Analyzing the plot as the inverse of the gear ratio sets the nominal gear ratio to 97 and the maximum and minimum limits of the gear ratio to 323 and 32 respectively. It can be seen that the gear ratio does not come close to its limits and instead varies closer to the nominal gear ratio because of the penalty that was placed on deviations away from the nominal gear ratio. This keeps the wind turbine operating with the proper ratio of blade and rotor speed to generator speed as previously described. It is also useful to view the normalized wind speed, generator speed and control inputs over time for the simulation of the DCVT model with MI LQR controller, as seen in figure 13 . It can be seen in figure 13 that the blade pitch angle tracks the wind speed to limit aerodynamic torque while the gear follows a similar trajectory to regulate the generator speed. The gear ratio can be seen to have higher frequency fluctuations than the blade pitch angle. These fluctuations are to mitigate the higher frequency torque variations at the generator, which in turn provide it with better regulation of speed. Figure 13 can be compared with figure 8 to observe the differences between the MI LQR and the SI LQR and PI MF over time. Note that the generator speed in figure 13 is normalized to the max generator speed of simulating with the MI LQR. The spring constant of the CVT was a postulated value. To study the effect of this spring constant on the simulation results, the DCVT model was simulated with the MI LQR with various different values for K CVT . Throughout this paper, the value of K CVT was assumed to be the same as the rotor shaft spring constant once it was reflected through the conventional gearbox. Simulations were then run for K CVT being infinitely stiff, half the original value and twice the original value. The results are displayed in the normalized plot below for the NTM2 wind file as seen in figure 14 .
As the spring of the CVT gets stiffer (higher spring constants) the pitch rates decrease, the LSS flexes less, the accelerations and jerks in the generator increase slightly and the regulation of the generator shaft speed is significantly reduced. Notice that even when the CVT is assumed to have a completely stiff shaft, the LSS still flexes more than the PI MF or SI LQR controllers due to the actuation of the CVT.
V. Conclusions
In order to extend the useful lifetime of today's large scale wind turbine systems, new technologies must be developed to reduce the large torque variations in the drivetrain components. This study focused on controlling a wind turbine in Region 3 using two different full-state feedback linear quadratic regulator controllers. The first controller was a single-input controller (SI LQR) that could adjust blade pitch. The second controller was a multiinput controller (MI LQR) that adjusts blade pitch and the gear ratio of a magnetic continuously variable transmission (CVT) that was introduced to the high speed shaft. The control goals were to minimize drivetrain torque variations while maintaining generator speed regulation without increasing in RMS blade pitch rate when compared to industry standard proportional-integral control with a measurement filter (PI MF).
Several original contributions were made by this study. A new linear model of a wind turbine was developed (DLIN model) largely based on the NREL FAST 5MW wind turbine model. Non-linear equations for the generator and gearbox accelerations with a variable gear ratio were derived and implemented in the DLIN model to produce a new DCVT model. Properties of a magnetic CVT were assumed and included in the model. The new equations were linearized and incorporated into new state-space matrices. The development of the MI LQR controller also augmented additional states to the new state-space matrices. These states were added to regulate generator speed error, ensure zero steady state generator speed error, ensure that the CVT would be driven back to the nominal gear ratio, and add penalties to the blade pitch rate and CVT slew rate.
The SI LQR controller was simulated on the DLIN and FAST models. The SI LQR performance on both models was superior to that of the PI MF controller that was used as a baseline. The advanced information that was obtained by measuring all of the states, particularly blade flex was a main factor in the performance improvement. The SI LQR controller performed similarly on the DLIN model for which the controller was designed and on the FAST non-linear model. The SI LQR controller had a robust design with significant gain and phase margin to be able to handle these differences and non-linearities.
There are several drawbacks to the SI LQR controller. First, there is more complexity involved in implementing this controller. A representative model of the wind turbine must be derived, as the design used in this study will not be appropriate for all wind turbines. If the actual plant varies considerably from the linearized model, the control system may perform worse than the baseline controller. The wind turbine must also be fitted with sensors to measure the states or an observer must be used. The sensors add cost and complexity and the observer would not be able to perfectly re-construct the states.
Performance improvements of the SI LQR were limited because the earliest information sent to the control system was the increase in blade tip speed and the flex of the blades. This allowed the controller to pitch earlier than the PI MF controller. The measurements were taken after a torque had already been delivered to the turbine blades and continued to propagate along the drivetrain. The blades could still only pitch retro-actively to these torques to try to mitigate future torque variations.
The results of this study indicate the implementation of a magnetic continuously variable transmission with the assumed properties in the HSS a wind turbine has potential to significantly mitigate torque variations along the turbine's drivetrain if the turbine is accurately modeled and the CVT is sufficiently fast. The MI LQR controller takes advantage of two independent control inputs. It actuates both the blade pitch angle and the gear ratio of the CVT, shifting the load of the generator to minimize speed error and torque variations. The CVT has a larger controller bandwidth and is able to mitigate the higher frequency torque variations in the drivetrain.
This research was primarily a 'proof of concept' study that simplified model of the magnetic CVT and assumed particular values for CVT properties. These properties were postulated because a magnetic CVT on the megawatt scale does not exist yet. The equations representing the magnetic CVT were also significantly simplified to analyze the ideal situation presented in this paper. The spring constant of the CVT assumed to be completely between the CVT and the conventional gearbox, which allowed the spring to be reflected to the LSS. This allowed the CVT to have a direct connection to the generator and allowed for very tight control over the generator speed, accelerations and jerks. There are also many complexities of the magnetic CVTs that were not factored into this study. To make any specific claims about the feasibility of reducing torque variations in the gearbox or generator by implementing a magnetic CVT in a wind turbine, one would have to build a large scale magnetic CVT and model it with much more detail than was done in this preliminary study.
The primary advantage of the magnetic CVT was the ability to reduce the generator accelerations, jerks, and speed error. One reason that the CVT could regulate these states so tightly is because the CVT was directly connected to the generator by a solid shaft that does not twist. This was a simplification that was done in the modeling procedure by assuming the single CVT spring constant was located between the CVT and the conventional gearbox. This is discussed in more detail in the 'Suggestions for Future Study' section.
The MI LQR controller had a high bandwidth for the CVT actuator. This allowed the CVT to actuate fast enough to mitigate the torque variations as they propagate along the drivetrain after they were detected by the blade flex sensors. This can be beneficial if the linearized model is an accurate enough representation of the actual wind turbine. If there are significant differences between the plant and the state-space model used to calculate the LQR control gains, actuating the CVT at high frequencies has the potential to excite the natural modes of the blades and the drivetrain.
Though the magnetic CVT may have potential to reduce the torque variations propagating through the drivetrain, there are also several drawbacks to utilizing this approach. As in the SI LQR case, the states would have to be measured or re-constructed using an observer, which adds complexity and a source of error. In the future, a magnetic CVT of this scale may be very expensive. For this technology to be cost effective, one must perform a cost benefit analysis that includes the cost of the component, the lifetime extension of any components, increases in power production and various other factors, such as CVT reliability and the potential to eliminate the power electronics.
This study is the first step of developing control systems to mitigate torque variations in the turbine drivetrain with a CVT. Though no specific claims can be made, the results of the DCVT model and MI LQR controller indicate that stresses in the drivetrain, particularly those of the generator, could potentially be significantly reduced.
A. Suggestions for Future Study
Future research should be pursued on the topic of implementing magnetic CVT's in wind turbines. This study was a preliminary 'proof of concept' to analyze a simplified wind turbine model with a simple postulated CVT model. There are several suggested topic areas for the suggestions for future study. The two main suggestions would be to improve the fidelity of the models and to correlate the simulation results with the lifetime of the turbine components. Other suggestions include expanding the study to Region 2 operation and studying the potential of eliminating the power electronics
Developing a higher fidelity model is an important next step for this research. Modeling the turbine blades and aerodynamic forces more accurately and including higher order blade dynamics would significantly improve the derived model. The derived models in this study combined the blades into one rotational inertia, one spring and one damper. The simplification of the blades allowed for one single wind speed input. A more accurate model would utilize spatial variations of wind speed and finite element analysis to calculate the aerodynamic forces on the blades, as FAST does.
FAST is a high fidelity model that includes blade aerodynamics. The CVT and MI LQR were not tested with FAST, as the FAST wind turbine model has a fixed gear ratio. A prior study has shown that the gearbox and generator can be pulled out of the FAST model and simulated externally. Incorporating the CVT in FAST would allow for the MI LQR to be tested with a much higher fidelity model. The model could also include accurate drivetrain and blade flex sensor models with noisy measurements. This would allow for more realistic feedback data. The controller would also be directly implementable in a real wind turbine. A Kalman filter could be developed to mitigate sensor noise.
Another important future direction would be to develop an accurate model of a magnetic CVT. This study models simplified dynamics of a magnetic CVT as a fixed spring and a low pass filter as the actuator. This spring was only located on one side of the CVT actuator. A more realistic model would probably be including a spring on either side of the actuator. This would add a spring between the CVT and the generator, which may have significant effects on the simulated performance. There has not been a 5MW magnetic CVT developed yet, but the dynamic equations of a lower power magnetic CVTs could be studied and scaled up to the 5MW size. If simulations were run with a scaled up model of an actual magnetic CVT in the high speed shaft of a high fidelity wind turbine model, one could make a more accurate estimate to the potential benefit of implementing such a device in a real wind turbine.
This study assumes that the generator torque control provides constant generator back-torque at the load end of the high speed shaft. In reality this back torque is not held perfectly constant. The use of the power electronics allow for this back-torque to be an additional input, as is common in Region 2. Future research could be done to analyze the potential benefit of utilizing the generator back-torque to help with the control in Region 3 when a CVT is used.
Another direction of future study would be to analyze the use of the magnetic CVT to eliminate the power electronics and connect the generator directly to the grid. This is done by using the CVT to regulate generator rotational velocity, producing a regulated frequency voltage signal. Regulated generator velocity is already the goal in Region 3. The CVT would allow this to be a possibility in Region 2 operation while allowing the blades to spin at the optimal tip speed ratio. This has been the focus of past research. 7 This could be simulated in FAST if a generator model is developed.
Much of the discussion of future work in this section involves including many non-linearities into the model. The LQR controller's advantage comes from knowing the system's linearized equations and incorporating them into the control methodology for more intelligent, advanced control. The non linearities may have significant effects when the turbine deviates from the operating point. It may be worth linearizing the wind turbine plant about several operating points and providing a methodology for a smooth transition between the operating regions.
It would also be beneficial to design a more advanced control system with the higher fidelity models. The advanced controllers could use independent blade pitch with a multi-blade coordinate based control. The controllers could be time-varying, such as a model predictive controller or adaptive controller rather than the time invariant LQR controller studied in this research. 
